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[57] ABSTRACT 
An improved geometry is disclosed for enhancing the 
efficiency of second harmonic conversion in a Type II 
phasematching material. In this approach, the effects of 
wave vector double refraction are used to compensate 
for the effects of Poynting vector walk-off. To achieve 
this goal, the input fundamental beam 32 is arranged to 
enter the doubling crystal 30 at an oblique angle of 
incidence. This angle is selected so that the wave vector 
double refraction angle is equal to the Poynting vector 
walk-off. In order to maximize doubling efficiency, the 
axes of the crystal must be oriented so that the optimum 
phasematching angle coincides with the propagation 
axis of the refracted fundamental beam travelling in the 
crystal. The subject invention is particularly suited for 
use with a KTP crystal in either intracavity doubling or 
in an external resonant geometry. 

19 Claims, 2 Drawing Sheets 
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POYNTING VECTOR WALK-OFF 
COMPENSATION IN TYPE II PHASEMATCI-IING 

TECHNICAL FIELD 

The subject invention relates to an approach for im 
proving the ef?ciency of Type II phasematching, such 
as in KTP, by compensating for Poynting vector walk 
off effects. 

BACKGROUND OF THE INVENTION 

It is well known that various birefringent crystals can 
be used to double the frequency of an incoming laser 
beam. For ef?cient frequency conversion the phase 
matching condition must be satis?ed. Based on the 
method of achieving the phasematching condition, sec 
ond harmonic interactions are classi?ed as Type I and 
Type II. In Type I phasematching, the input fundamen 
tal beam is linearly polarized and arranged to excite 
only one polarization eigenstate in the crystal in order 
to maximize doubling ef?ciency. In contrast for maxi 
mum efficiency in Type II phasematching, the input 
fundamental beam is arranged to excite both crystal 
polarization eigenstates equally. This result can be 
achieved by properly orienting linear or elliptically 
polarized light, or by using circularly polarized light. 
For typical Type I phasematching, the wave vectors 

of the fundamental and second harmonic beams are 
collinear. The fundamental beam excites one polariza 
tion eigenstate and the second harmonic beam is gener 
ated in the orthogonal polarization eigenstate. In typical 
Type II phasematching the wave vectors of all beams 
are collinear, however, the situation is more complex 
since there are now two excited fundamental polariza 
tion eigenstates (denoted with subscripts 1 and 2) and a 
generated second harmonic beam in one of these polar 
ization eigenstates. 

In order to have ef?cient second harmonic genera— 
tion for either a Type I or Type II nonlinear interaction 
the phasematching condition must be satis?ed. The 
phasematching condition for Type II phasematching is 
expressed mathematically as the following: 

k1(w)+k2(w)=k](2w) or k2(2w) (1) 

where kmlm) denotes the wave vectors of the orthogo 
nally polarized input beams and R130”) denotes the 

' wave vector of the second harmonic beam. For nota 
tional simplicity we will drop the superscript (to) when 
referring to the fundamental beam in the following 
discussion. The polarization state of the second har 
monic beam (1 or 2) depends on the sense of the crys 
tal’s birefringence. 

Typically all the wave vectors in the above expres 
sion are collinear, however, the direction of power flow 
associated with each beam (Poynting vector S) is in 
general not collinear with its associated wave vector, k. 
More particularly, if the direction of travel of the beam 
is not parallel to the crystal's optical axes, the direction 
of the Poynting vector, S, will be different from the 
wave vector k. The walk-off angle p, between the two 
vectors is de?ned as follows: 

p=arctangent IDXE/(D-E) (2) 

where D is the displacement vector and E is the electric 
?eld vector of the beam. Because of the crystal birefrin 
gence and dispersion, the index of refraction will be 

10 

25 

30 

35 

2 
different for each beam and thus each beam will propa 
gate differently. Accordingly, the walk-off angle p asso— 
ciated with each of the Poynting vectors will in general 
be of different magnitude and in a different direction. 
The phenomenon is illustrated in FIG. 1 wherein 

block 10 represents a crystal oriented for Type 11 phase 
matching. The incoming beam 20 enters the crystal 
normal to its face. The wave vectors k1 and k2 associ 
ated with the orthogonal displacement ?eld vectors D1 
and D2 travel collinearly with the input fundamental 
beam. However, each of the two Poynting vectors 5; 
and 8; separate from the associated wave vectors at the 
angles p1 and p1 respectively. When the light energy at 
the fundamental wavelength leaves the crystal the two 
Poynting vectors will be parallel but separated by a 
distance d. It should be remembered that the Poynting 
vectors de?ne the actual direction of travel of the 
power of the beam while the wave vectors represent the 
direction orthogonal to beam phase fronts. 
FIG. 2 illustrates the problem as it generally occurs in 

a KTP crystal oriented for Type II phasematching of a 
1064 nm fundamental beam. In this case, the incoming 
fundamental beam 22 is oriented in a manner such that 
the wave vector k; (associated with the D2 polarization 
state) is aligned with the crystallographic axes such that 
there is no walk-off with the associated Poynting vector 
5;. However, due to the different index of refraction 
with respect to the D1 polarization state, there will be a 
non-zero walk-off angle p between the k1 wave vector 
and the S1 Poynting vector. The generated second har 
monic is in the subscript 1 polarization state and also 
experiences walk-off from its associated wave vector 
which is collinear with the two fundamental wave vec 
tors. The prior literature often refers to the walk-off 
between second harmonic klaw) and S10“) Vectors as 
the walk-off angle associated with this nonlinear inter 
action. However, as discussed the situation is actually 
more complex since two of the three beams involved in 
the interaction experience some walk-off. When the 
energy flow leaves the KTP crystal, the two Poynting 
vectors (8] and 5;) will once again be parallel, but 
spaced apart a distance d. While the subject invention 

- will be described with reference to the situation where 
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only one of the two fundamental beam Poynting vec 
tors experiences walk-off from the associated wave 
vector, it is equally applicable to the more general situa 
tion illustrated in FIG. 1. 
The Poynting vector walk-off effect in KTP is well 

known and can be calculated. For example, in a KTP 
crystal where the beam is directed along the optimum 
phasematching angle of about 23.32 degrees for 1064 
nm light, the walk-off angle p between k1 and S1 will be 
about 0.2 degrees. Assuming a crystal length of 5 mm, 
and recalling that S; experiences no walk-off, the sepa 
ration d, or walk-off between the vectors upon exiting 
the crystal, will be about 17 microns. For the second 
harmonic beam, the walk-off angle between lqum) and 
S10“) is slightly different due to crystal dispersion, 
being 0.26°. 

Poynting vector walk-off of all forms is undesirable in 
second harmonic interactions. Poynting vector walk-off 
of the orthogonally polarized fundamental beams is 
particularly undesirable in intracavity second harmonic 
generation because it leads to parasitic intracavity losses 
and reduces doubling ef?ciency. For example, the beam 
radius within a KTP crystal used in a typical diode 
pumped intracavity frequency doubled system is about 
50 microns. Assuming a Poynting vector walk-off of 17 
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microns, it can be seen that signi?cant beam distortion 
and spatial variation of the polarization states can occur, 
leading to reduced ef?ciency. 

Practitioners in the prior art addressed the problem in 
two ways. First, the length of the crystal was kept rela 
tively short to minimize the separation d between the 
vectors upon exiting the crystal. Unfortunately, dou 
bling ef?ciency is related to the length of the crystal so 
this approach will prevent higher ef?ciencies from 
being attained. 

Another method of minimizing the effects of walk-off 
is to expand the diameter of the beam so that distortion 
effects are minimized. The latter approach also has 
drawbacks because for a given power, doubling ef? 
ciency is decreased when the spot size in the crystal is 
increased. Accordingly, it would be desirable to ?nd an 
approach which minimizes the effects of Poynting vec 
tor walk-off without reducing doubling ef?ciency. 
Another well known phenomenon is the refraction 

effect which occur when a beam enters an input face of 
a material at an oblique angle of incidence. More partic 
ularly, the wave vector k of a light beam will be re 
fracted from the incoming path according to Snell's law 
which relates the angles of incidence and the angles of 
refraction with the index of refraction of the materials 
on either side of the interface. 
As noted above, in the case of birefringent crystals, 

the index of refraction for the two polarization states 
will be different. Accordingly, if the input fundamental 
beam enters the crystal at an oblique angle of incidence, 
the wave vectors associated with the two polarization 
states (k1.and k2) will be refracted by different amounts. 
The magnitude of this effect is governed by the orienta 
tion of the interface relative to the crystals axes and the 
angle of incidence of the incoming light. In the prior 
literature, this effect is sometimes referred to as double 
refraction. Unfortunately, the term double refraction 
has also been used in the literature to refer to Poynting 
vector walk-off and the combination of these two dis 
tinct physical effects. Therefore, for clarity in this appli 
cation, the effect will be referred to as wave vector 
double refraction. 
FIG. 3 illustrates the effect of wave vector double 

refraction. In FIG. 3, the Poynting vectors are not 
illustrated. As can be seen, a fundamental beam of light 
24 enters crystal 10 at an oblique angle of incidence 0. 
The two wave vectors k] and k; are refracted different 
amounts and this difference can be expressed as the 
intermediate angle 8. The magnitude of the difference in 
the amount of refraction associated with the two polar 
ization states is given by the following formula: 

5=arcsin(sin 0/n1)—-arcsin(sin O/ng) (3) 

where 0 is the angle of incidence, n1 is the index of 
refraction for the D1 displacement ?eld vector, n2 is 
index of refraction for the D2 displacement ?eld vector 
and the index of refraction of the surrounding medium 
(air) is 1. As will be discussed below, by properly ar 
ranging the angle of incidence of the beam as well as the 
axes of the crystal with respect to the input face, wave 
vector double refraction can be used to compensate for 
Poynting vector walk-off. 

In the prior art, much effort has been expended in 
determining the ideal phasematching angle of a crystal. 
More particularly, there is some loci of directions, 
which satisfy the phasematching condition. In general 
one of these directions has the largest effective nonlin 
ear coef?cient and is the direction along which an input 
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4 
beam can be passed in order to optimize the doubling 
ef?ciency of a crystal. As noted above, in KTP, which 
is the most common crystal used for Type II phase 
matching. the optimum phasematching angle is 23.32 
degrees off the x-axis and 90 degrees off the z-axis for _ 
doubling 1064 nm light using collinear wave vectors. 

In prior art doubling systems, the crystal has been 
fabricated such that a normal to the input face forms an 
angle 23.32 degrees off the x-axis and 90° off the z-axis. 
The input beam is then directed into the crystal normal 
to the input face to insure that optimum phasematching 
is achieved. In this geometry there will be no wave 
vector double refraction. As will be seen below, the 
prior art geometry is changed in the subject invention, 
wherein the incoming beam is directed at an oblique 
angle of incidence to the input face to create wave 
vector double refraction effects which can then be used 
to compensate for the Poynting vector walk-off effects. 
In addition, the crystalline axes are oriented with re 
spect to the input face to create the optimum phase 
matching angle with respect to the refracted beam trav 
elling in the crystal. 
For more complete background information on non 

linear optical interaction see Nonlinear Optics, P. G. 
Harper and B. S. Wherett, Eds. San Francisco, Calif: 
Academic, 1977 pgs. 47-160. 

SUMMARY OF THE INVENTION 

In accordance with the subject invention, a new ge 
ometry is proposed for use in Type II phasematching in 
order to compensate for the effects of Poynting vector 
walk-off. As noted above, in order to maximize dou 
bling ef?ciency in Type II phasematching, the funda 
mental beam is typically directed within the crystal 
along an optimum angle which is not aligned with the 
crystal axes. Accordingly, the direction of power flow 
will generally not be the same for both polarization 
eigenstates due to Poynting vector walk-off. 
The angle between the Poynting vectors can be 

readily calculated. This effect can be offset by creating 
an equivalent angular difference in the direction of the 
wave vectors. The latter result is achieved by directing 
the beam at the input face of the crystal at a particular 
oblique angle of incidence. This geometry will result in 
the fundamental beam propagating through the crystal 
at some other angle (de?ned by Snell’s law) that is not 
parallel to a normal to the surface of the crystal. There 
fore, in order to maximize doubling ef?ciency, the axes 
of the crystal must also be arranged so that the optimum 
phasematching angle coincides with the propagation 
axis of the fundamental radiation travelling in the crys 
tal. In practice, this will mean that the optimum phase 
matching angle will not be aligned with a normal to the 
input face of the crystal as in the prior art, but be offset 
by some ?xed amount based on the direction of the axis 
of the fundamental beam within the crystal. 
The subject approach can be used to improve the 

conversion ef?ciency of Type II phasematching in a 
single pass geometry as well as resonant ring geometries 
and for intracavity doubling. In addition, the subject 
approach can be used to improve other nonlinear inter 
actions such as sum or difference frequency generation. 
The subject invention can also be employed to improve 
the characteristics of transmission of a beam through a 
birefringent crystal independent of nonlinear interac 
tions requiring phasematching conditions. 
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Further objects and advantages of the subject inven 
tion will become apparent from the following detailed 
description taken in conjunction with the drawings in 
which: 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is an illustration of the effects of Poynting 

vector walk-off in a Type II phasematching interaction 
experienced in prior art geometries. 
FIG. 2 is an illustration of the effects of Poynting 

vector walk-off typically experienced in a prior art 
KTP crystal. 
FIG. 3 is an illustration of the effects of wave vector 

double refraction in a birefringent material which could 
be used for Type II phasematching wherein the incom 
ing fundamental beam is directed at an oblique angle of 
incidence to the input face of the crystal. 
FIG. 4 is an illustration of the geometry of the subject 

invention wherein the wave vector double refraction is 
used to compensate for the Poynting vector walk-off in 
a Type II phasematching interaction. 
FIG. 5 is an illustration of the subject invention em 

ployed in an intracavity doubling geometry. 
FIG. 6 is an illustration of the subject invention em 

ployed in an external resonant ring geometry. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring to FIG. 4, there is illustrated a crystal 30 
fabricated and oriented for Type II phasematching. 
Presently, KTP (KTiOPOt) is the principal material 
used in Type II phasematching second harmonic gener 
ation. Accordingly, the following discussion will use 
second harmonic generation of 532 nm radiation in 
KTP as an example. However, it should be understood 
that the subject invention could be utilized with any 
material or wavelength where Type II phasematching 
is used. 
The optimum phasematching conditions for KTP has 

been extensively studied. The optimum phasematching 
angle for collinear k vectors for 1064 nm fundamental 
light at room temperature has been reported to be at 
23.32 degrees from the x-axis and 90 degrees from the 
z-axis. (See Stolzenberger, Applied Optics, Vol 27, page 
3883, 1988). It should be noted that there is no universal 
agreement about this angle among researchers. Some of 
the disparity can be traced to the fact that there may be 
some variation in performance in different KTP sam 
les. 

p For a light beam having its wave vectors along this 
direction, the two polarization states will be oriented 
either perpendicular to the k vector in the x-y plane 
(hereinafter referred to as the D1 displacement ?eld 
vector) or parallel to the z-axis (hereinafter referred to 
as the D2 displacement ?eld vector). As noted above, 
because of the birefringent properties of KTP, the re 
fractive indices for these two polarization states are 
different. For this case, the refractive indices were cal 
culated as being 1.746 for the D1 vector and 1.833 for 
the D2 vector. These values were based on data set forth 
in "Calculations of Optimum Phasematch Parameters 
for the Biaxial Crystal KTiOPO4”, Yao and Fahlen, J. 
Appl. Phys. Vol. 55 p. 65, 1984. Once again it should be 
noted that other researchers have derived different 
values for the refractive indices. 

It should be noted that using these refractive index 
values yields a phasematching angle of 21.31 degrees 
from the x-axis in the x-y plane for 1064 nm radiation. 
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6 
The following calculations will use the phasematching 
angle of 23.32 degrees given by Stolzenberger and will 
calculate the necessary compensation angles using the 
refractive index data of Yao. The calculations are car 
ried out to the nearest 0.01 degrees for illustrative pur 
poses only. Practically, uncertainties of 1 degree or less 
in the actual value for phasematching and walk-off 
compensation angles are not signi?cant. 

Since the D2 ?eld vector associated with the wave 
vector k; is parallel to the crystallographic z-axis, there 
is no deviation or walk-off with respect to the associ 
ated Poynting vector 8;. However, since the D1 ?eld 
vector associated with the wave vector k1 is offset 23.32 
degrees from the y-axis of the crystal, the associated 
Poynting vector 5] will experience a walk-off angle p of 
0.2 degrees away from the x-axis in the x-y plane. I 

In accordance with the subject invention, the effects 
of Poynting vector walk-off can be compensated by 
directing the incoming fundamental beam 32 to enter 
the crystal at an oblique angle of incidence 0. As dis 
cusses above with reference to FIG. 3, the wave vectors 
associated with the two polarization states will be re 
fracted by different amounts due to the birefringence of 
the crystal. By properly selecting the angle'of incidence 
(0), the wave vector double refraction angle 8 can be 
used to compensate for the Poynting vector walk-off 
angle p. 
The proper angle of incidence 0 is chosen by setting 

6 (de?ned in equation (3)) equal to the calculated 
Poynting vector walk-off angle p (de?ned in equation 
(2)) and solving for the proper angle of incidence 6 for 
the fundamental beam. Stated differently, the proper 
angle of incidence is selected by simultaneously solving 
equations (1), (2) and (3). In the example for KTP given 
above, wherein the Poynting vector walk-off angle p is 
determined to be 0.2 degrees, the proper angle of inci 
dence 0 would be 7.34 degrees. . - 

As noted above, in order to maximize doubling ef? 
ciency, the KTP should be fabricated so that the beam 
axis in the crystal coincides with the optimum phase 
matching angle. In the prior art geometry, where the 
incoming fundamental beam was typically directed 
normal to the input face such that it would not be re 
fracted at the surface, the crystal face normal was set at 
23.32 degrees from the x-axis in the x-y plane. 

In the subject invention, wherein the incoming funda 
mental beam enters the crystal at an oblique angle 0 and 
is refracted, the axes of the crystal must be rotated to 
align the axis of the beam within the crystal with the 
optimum phasematching. Because it] and k; are no 
longer collinear, the optimum phasematching direction 
for the second harmonic wave vector is modi?ed 
slightly from the collinear case. The direction for 
k1(2m) becomes 23.28 degrees from the x-axis in the x-y 
plane compared to 23.32 degrees from the collinear 
case. 

The angle of refraction of the transmitted beam enter 
ing at an oblique angle of incidence 0 of 7.34 degrees 
would be 4.21 degrees for k] and 4.01 degrees for k; 
based on Snell’s law. Therefore, in order to obtain the 
optimum phasematching condition, the normal to the . 
input face of the crystal should be 27.39 degrees 
[23.28+(4.21 +4.0l)/2] from the x-axis in the x-y plane. 
In this case the wave vector k] associated with the D1 
?eld vector would be oriented 23.18 degrees from the 
x-axis and the wave vector k; associated with the D2 
?eld vector will be oriented at 23.38 degrees from x 
axis. For these conditions, the sum of k] and k2 yields 
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k1(2a>), the phasematching condition given in equation 
(1). The incoming beam would be incident on the crys 
tal face at an angle of 20.05" (27.39—7.34) from the 
x-axis in the x-y plane. 
As shown in FIG. 4, in this geometry, a wave vector 

double refraction angle 8 will be generated between the 
two wave vectors k] and k2. However, since the walk 
off angle p between the wave vector k1 and the Poynt 
ing vector 8] is equal to 6, the two Poynting vectors S1 
and S; will be collinear and at an orientation of 23.38 
degrees from the x-axis in the x-y plane and the k vec 
tors will satisfy the phasematching condition. Accord 
ingly, by fabricating the crystal with the end face 
oblique to the phasematching direction and by orienting 
the incoming radiation so that it is refracted to be paral 
lel to the phasematching direction, the Poynting vector 
walk-off associated with the two polarization states of 
the fundamental beam can be compensated. 
FIG. 5 illustrates the subject invention applied to a 

laser 40 wherein the KTP is used in an intracavity dou 
bling con?guration. Laser 40 includes a resonant ring 
cavity de?ned by a pair of mirrors 42 and 43. A gain 
medium 44 is located in the cavity and can be formed 
from NdzYAG. One face 46 of the gain medium is cut at 
an angle to refract the beam so that a ring geometry can 
be formed. Such a ring geometry is described in co 
pending application ‘Ser. No. 509,627, ?led Apr. 13, 
1990 and incorporated herein by reference. 
The gain medium 44 is excited by the beam from a 

pump source 50 which can be de?ned by a diode laser. 
In this con?guration, mirror 42 transmits the pump light 
wavelength of 808 nm and is reflective of the circulat 
ing fundamental 1064 nm radiation beam 52. Mirror 43 
is re?ective at 1064 and transmissive at the 532 nm 
doubled output wavelength beam 54. 

In accordance with the subject invention, a block 58 
of KTP is located in the ring path of the fundamental 
beam 52. As noted above, the crystal is oriented such 
that the fundamental beam strikes the input face 60 at an 
oblique angle of incidence 0 equal to 7.34 degrees. This 
oblique angle of incidence produces an angle 5 between 
the wave vectors equal to 0.20 degrees which compen 
sates for the Poynting vector walk-off in the crystal. 
Optimum phasematching will occur if the normal to the 
input face of the crystal is 27.39 degrees from the x-axis 
in the x-y plane. 

In the illustrated embodiment, the end faces 60, 62 of 
the crystal 58 are parallel so either can be de?ned as the 
input face. It may be possible in certain cavity con?gu 
rations to have the two end faces in a non-parallel orien 
tation. 
A laser formed in accordance with the lay-out shown 

in FIG. 5 was built and tested. In this experiment, the 
fundamental beam was linearly polarized and the ring 
was operated in a unidirectional manner. The KTP 
crystal was oriented such that both eigenstates were 
excited. Using a laser diode having an output of 500 
milliwatts and a conventionally cut KTP crystal ori 
ented such that the input fundamental beam is normal to 
the input face, a doubled 532 nm output of 15 milliwatts 
was generated. In contrast, when the KTP crystal 
formed in accordance with the subject invention was 
placed in the cavity such that the proper angle of inci 
dence 'was de?ned with the incoming fundamental, the 
output power increased to 40 milliwatts which was 
about 2.5 times greater than the prior art arrangement. 
FIG. 6 is an illustration of how the subject invention 

can be utilized in an external resonant ring geometry 70. 

20 

25 

35 

40 

45 

55 

60 

65 

8 
In this case, the ring is de?ned by three mirrors 72, 74 
and 76. They are arranged so that the input fundamental 
beam 78 will circulate in the ring. The fundamental 
beam 78 enters the ring through mirror 72 and at least 
one of the mirrors is transmissive to the doubled output 
wavelength. 

In accordance with the subject invention, a KTP 
crystal 86 is located within the ring. The input face 88 is 
oriented such that fundamental beam enters at an 
oblique angle 6 selected such that the wave vector 
double refraction compensates for the Poynting vector 
walk-off. The design and orientation of the crystal is the 
same as that described above with respect to FIG. 5. 

It should be noted that both FIGS. 5 and 6 illustrate 
ring geometries. The subject invention can also be im 
plemented in a linear resonant cavity or single pass 
geometry. 
While the subject invention has been described with 

reference to second harmonic generation, the same 
approach could be used to improve the ef?ciency of any 
nonlinear interaction in a birefringent crystal. For ex 
ample, the input beam to the crystal can be composed of 
more than one wavelength and the crystal could be used 
for sum or difference frequency generation. In this ap 
proach, the multiple wavelength input beams would be 
collinear. 
As noted above, the subject compensation scheme 

will help maintain the shape of the beam within the 
birefringent crystal. Thus, the approach can also be 
used where it is desirable to maintain the characteristics 
of the beam transmitted through a birefringent crystal 
without regard to nonlinear interactions or proper 
phasematching conditions. For example,_ a circularly 
polarized beam directed into a birefringent material at 
normal incidence will be distorted due to Poynting 
vector walk-off and emerge with spatially varying po 
larization properties. If the input angle of the beam were 
modi?ed in accordance with the subject invention, the 
polarization purity of the beam can be better main 
tained. 

In summary there has been disclosed an improved 
geometry for enhancing the ef?ciency of second har 
monic conversion in Type II phasematching. In the 
subject approach, the effects of wave vector double 
refraction are used to compensate for the effects of 
Poynting vector walk-off. To achieve this goal, the 
input fundamental beam 32 is arranged to enter the 
doubling crystal 30 at an oblique angle of incidence 0. 
This angle is selected so that the wave vector double 
refraction 8 is equal to the Poynting vector walk-off. In 
order to maximize doubling efficiency, the crystal must 
be fabricated so that the optimum phasematching angle 
coincides with the propagation axis of the refracted 
fundamental beam travelling in the crystal. The subject 
invention is particularly suited for use with a KTP crys 
tal in either intracavity doubling or in an external reso 
nant geometry. It could also be used in a single pass 
geometry and would minimize depolarization effects on 
the transmitted fundamental beam. By minimizing de 
polarization effects, the ef?ciency of using the funda 
mental beam' in further harmonic generation can be 
improved. 
While the subject invention has been described with 

reference to a preferred embodiment, various changes 
and modi?cations could be made therein, by one skilled 
in the art, without varying from the scope and spirit of 
the subject invention as de?ned by the appended claims. 

I claim: 
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1. A device for efficient nonlinear interactions associ 
ated with a laser beam comprising: 

a birefringent crystalline material of the type that can 
produce an angular difference between the Poynt 
ing vectors associated with the two polarization 
states of a beam in the material, said material hav 
ing an input face; and 

means for directing the beam into the material at an 
oblique input angle of incidence with respect to the 
input face such that refraction effects that occur at 
the input face produce an angular difference in the 
wave vectors associated with the two polarization 
states of the beam, with the input angle being se 
lected such that the angular difference in wave 
vectors compensates for the angular difference in 
the Poynting vectors and wherein the crystalline 
axes of the material are oriented with respect to the 
input face to substantially satisfy the phasematch 
ing requirement. 

2. A device as recited in claim 1 wherein said material 
is used in a Type II phasematching interaction. 

3. A device as recited in claim 2 wherein said crystal 
line material is KTP. 

4. A device as recited in claim 3 wherein said beam is 
a fundamental beam and said material is used for second 
harmonic generation. 

5. A device as recited in claim 4 wherein the wave 
length of the fundamental laser beam is 1064 nm and the 
oblique incidence angle is approximately seven degrees. 

6. A device as recited in claim 5 wherein the material 
has three orthogonal crystalline axes de?ned as x, y, and 
z, and the optimum phasematching angle of the material 
is oriented at approximately 23 degrees from the x-axis 
and 90 degrees from the z-axis and wherein the normal 
to the input face of the material is located at an angle 
approximately 27 degrees from the x-axis and 90 de 
grees from the z-axis. . 

7. A device as recited in claim 1 wherein said laser 
beam includes more than one wavelength of radiation 
and the material is utilized for sum or difference fre 
quency generation. 

8. A device as recited in claim 1 wherein the material 
is located within a resonant cavity. 

9. A device as recited in claim 8 wherein said reso 
nant cavity is an external resonant ring. 

10. A device as recited in claim 8 wherein said reso 
nant cavity includes a gain medium. 

11. A laser comprising: 
a resonant cavity; 
a gain medium located within the resonant cavity; 
means for exciting the gain medium to generate a 

laser beam within the resonant cavity; and 
a birefringent crystalline material located in the cav 

ity, said material being of the type that can produce 
an angular difference between the Poynting vec 
tors associated with the two polarization states of 
the laser beam in the crystal, said material having 
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an input face, and wherein said resonant cavity is 
arranged so that the laser beam is directed into the 
material at an oblique input angle of incidence with 
respect to the input face such that refraction effects 
that occur at the input face produce an angular 
difference in the wave vectors associated with the 
two polarization states of the beam, with the input 
angle being selected such that the angular differ 
ence in wave vectors compensates for the angular 
difference in the Poynting vectors and wherein the 
crystalline axes of the material are oriented with 
respect to the input face to substantially satisfy the 
phasematching requirement for nonlinear interac 
tions. 

12. A laser as recited in claim 11 wherein said mate 
rial is used in a Type II phasematching interaction. 

13. A laser as recited in claim 12 wherein said laser 
beam is at a fundamental wavelength and the material 
functions to double the frequency of the fundamental 
wavelength. 

14. A laser as recited in claim 13 wherein said crystal 
line material is KTP. 

15. A laser as recited in claim 14 wherein the wave 
length of the fundamental laser beam is 1064 nm and the 
oblique incidence angle is approximately seven degrees. 

16. A laser recited in claim 15 wherein the material 
has three orthogonal crystalline axes defined as x, y, and 
z, and the optimum phasematching angle of the material 
is oriented at approximately 23 degrees from the x-axis 
in the x-y plane and 90 degrees from the z-axis and 
wherein the normal to the input face of the material is 
located at an angle approximately 27 degrees from the 
x-axis and 90 degrees from the z-axis. ' i 

17. A device as recited in claim 11 wherein said laser 
beam includes more than one wavelength of radiation 
and the material is utilized for sum or difference fre 
quency generation. 

18. A device for improved transmission of a laser 
beam through a birefringent crystal comprising: 

a'birefringent crystalline material of the type that can 
produce an angular difference between the Poynt 
ing vectors associated with the two polarization 
states of the beam, said material having an input 
face; and 

means for directing the beam into the material at an 
oblique input angle of incidence with respect to the 
input face such that refraction effects that occur at 
the input face produce an angular difference in the 
wave vectors associated with the two polarization 
states of the beam, with the input angle being se 
lected such that the angular difference in wave 
vectors compensates for the angular difference in 
the Poynting vectors. 

19. A device as recited in claim 18 wherein the mate 
rial is located within a resonant cavity. 
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